Abstract--Various plants native to arid and semiarid habitats throughout the southwestern United States, Baja California, and northern Mexico were bioassayed for phototoxic natural products. Approximately 115 species representing 57 genera and eight plant families were assayed for phototoxic activity by standard antimicrobial techniques using Escherichia coli and Saccharomyces cerevisiae. Phototoxic constituents were extracted from numerous members in the Asteraceae (Compositae) and occurred with highest frequency among species of the subtribe Pectidinae (tribe Heliantheae).
INTRODUCTION
Plant "photosensitizers" or "phototoxins" are chemicals produced by members of at least 30 plant families that adversely affect a wide variety of organisms in the presence of sunlight (Downum, 1986) . A partial listing of susceptible organisms includes among others: viruses, phytopathogenic bacteria and fungi, nematodes, and herbivorous insects (see reviews by Towers, 1984 Towers, , 1986 Downum, 1986; Downum and Rodriguez, 1986; Downum and Nemec, 1987) . In addition to these organisms, Campbell et al., (1982) demonstrated that the growth of various non-phototoxin-containing plants could be inhibited by treatment with photosensitizers common to many species of the Asteraceae (Compositae). Such broad-spectrum biological activity suggests that plant phototoxins may be involved with plant defense against a wide range of potentially deleterious or competing organisms in nature.
Although phototoxic phyl~ochemicals have been isolated from a variety of plants, little is known about their occurrence (or biological activity) in species that evolved under high-light conditions where phototoxic action seemingly would provide a most effective plant defense. The present report is an initial effort to establish the prevalence of photosensitizers in plants that grow in environments exposed to high levels of solar irradiation (i.e., the Chihuahuan, Mojave, and Sonoran deserts of North America). Standard antimicrobial techniques were used for these preliminary survey studies, but the broad-spectrum toxicity associated with many of the previously studied plant phototoxins suggests that they may be responsible for a variety of defensive plant responses, in addition to their in vitro antimicrobial effects.
METHODS AND MATERIALS
Plant Material. Bulk collections for extraction and bioassay as well as voucher specimens were collected from various regions of Mexico and the southwestern United States as indicated in Table 1 . Plants were air-dried in the field as much as possible and then transported to the laboratory for thorough drying (50°C for five days). Dried, powdered matter (5 g) from each species was extracted with MeOH (50 ml) for 7-10 days at room temperature under darkened conditions. The resulting extracts were filtered and concentrated to approximately 1 ml by rotary evaporation. Concentrated crude extracts were stored at -20°C until they could be bioassayed.
Species of Pectis were handled differently to minimize the loss of potential phototoxins, which was reported previously (Downum et al., 1985) . These plants were transported from the field on ice and homogenized in MeOH within ~Whole plant extracts were concentrated and assayed as described (see Methods and Materials). Presence (+) or absence (-) of inhibitory zones surrounding bioassay disks refers to activity following UV-A (3 hr) and dark incubation for 24 hr. Growth inhibition resulting from antibiotic action (not photoinduced) of an extract is denoted anti. bAcetylenes reported from genus (Bohlmann et al., 1973) . CChemistry unknown. dThiophenes reportedfrom genus Zdero, 1976, 1979; Bohlmann et al., 1973 Bohlmann et al., , 1980 Bohlmann et al., , 1983 Downum et al., 1985) . "Chromenes reported from genus (Proksch and Rodriguez, 1983) . /Genus reported to lack polyacetylenes and thiophenes (Bohlmann et al., 1973) . s'See Downum et al. (1985) for explanation of nomenclatural assignment. hGenus reported to lack acetylenic di-and terthiophenes Downum et al., 1985) .
24 hr of collection. Extracts were bioassayed immediately as their phototoxicity quickly disappeared following homogenization. Voucher specimens of all species were deposited with Herbaria either at California Polytechnic State University, the University of California at Riverside, or the University of Texas at El Paso.
Microorganisms. Escherichia coli B, a gram-negative bacterium, and Saccharomyces cerevisiae, a yeast, were routinely used to bioassay plant extracts for antibiotic and/or phototoxic plant metabolites. Stock cultures of E. coli were obtained from the American Type Culture Collection (ATCC 23226); cultures of S. cerevisiae were obtained from the laboratory of Dr. G.H.N. Towers (University of British Columbia). Stationary phase cultures (18 hr) grown aerobically at 30°C (S. cerevisiae) or 37°C (E. coli) were used for all bioassays. S. cerevisiae was grown in Sabouraud dextrose broth (Difco) while E. coli was inoculated into nutrient broth (Difco).
Bioassay Techniques. Concentrated plant extracts (20-50/A) were applied to replicate sterile cellulose assay disks and then placed onto lawns of E. coli and S. cerevisiae as described previously . Duplicate plates were prepared for all assays. One plate was kept in the dark to determine the antibiotic action of an extract, and UV-A activation or enhancement of biocidal action was determined on a second plate that was irradiated by four horizontal UV-A lamps (Sylvania F40BLB; 18 W/m2). The level of irradiation used for the bioassays was approximately half that routinely encountered in the desert environment (measured at 365 nm with a Spectroline model DM-365N ultraviolet meter; Spectronics Corp., Westbury, New York).
RESULTS AND DISCUSSION
Extracts of many plants belonging to the sunflower family (Asteraceae) inhibited the growth of E. coli and S. cerevisiae cultures as did the leaf extract from the creosote bush Larrea tridentata (Zygophyllaceae) ( Table 1 ) when exposed to UV-A irradiation. Several of these plant extracts also inhibited the growth of the bioassay organisms without light activation; however, this activity was less pronounced than the phototoxic activity. A limited number of extracts from species representing the Asclepidaceae, Chenopodiaceae, Hydrophyllaceae, Lamiaceae, Polygonaceae, and Solanaceae failed to elicit any kind of biological activity toward E. coli or S. cerevisiae.
Plants belonging to the Asteraceae were given preference in our survey because they represent a quantitatively important component of most arid and/ or semiarid habitats in North America and because UV-mediated antibiotic activity has been associated with many plants from this large family (Camm et al., 1975) . Extracts from approximately 35% of the species surveyed elicited phototoxic responses from the bioassay organisms. Several species also contained effective antimicrobial agents that did not require light activation; these included five species of Ambrosia, one species of Dicoria, and one species of Encelia. The greatest number of phototoxin-containing plants belonged to the tribe Heliantheae [as revised by Robinson (1981) ]. Nearly 50% of the plant extracts from members of this tribe tested positive for light-activated toxins. The Pectidinae, a subtribe within the Heliantheae, is of particular note because extracts from all of the plants in this taxonomic grouping were phototoxic toward both E. coli and S. cerevisiae.
Various polyacetylenic or thiophenic metabolites are most likely responsible for the phototoxicity of extracts from many members of the Asteraceae. Such chemicals are widely distributed in the family (Bohlmann et al., 1973) and many are potent photosensitizers (McLachlan et al., 1984 (McLachlan et al., , 1986 Marchant and Cooper, 1987) . Thiophenes, which are biosynthetically derived from acetylenic precursors by sulfide addition (Bohlmann et al., 1973) , are also powerful phototoxins (Downum et al., 1982 . Although these phototoxic metabolites occur sporadically throughout the Asteraceae (Bohlmann et al., 1973) , they are particularly characteristic of genera in the subtribe Pectidinae (Bohlmann et al., 1973; Downum et al., 1985) . Pectis, the largest genus in this subtribe, is, however, phytochemically distinct from the remainder of the genera in this taxonomic grouping in that thiophenes have yet to be detected in the 20 or so species examined thus far Downum et al., 1985) . The identity of the chemical constituents responsible for the phototoxicity of Pectis extracts remains in question.
Leaf extracts from the creosote bush, Larrea tridentata (Zygophyllaceae), contained constituents that were effective biocidal agents in the absence of UV-A. The antimicrobial activity of this extract was enhanced slightly on exposure to UV-A. The creosote bush was the only plant outside of the Asteraceae to elicit both dark and UV-A-enhanced biological activity against E. coli and S. cerevisiae. Several other Zygophytlaceae genera were also bioassayed (e.g., Guaiacum, Kallistroemia, and Viscanoa), but antimicrobial activity similar to that mediated by Larrea extracts was not observed.
Isolation, identification, and bioactivity studies of the toxic chemicals from Pectis spp. and L. tridentata are currently underway.
This preliminary study suggests that phototoxic phytochemicals are fairly common among taxonomically diverse members of the Asteraceae. Lightenhanced biocidal activity was also associated with extracts of Larrea tridentata, a dominant shrub throughout the Chihuahuan, Mojave, and Sonoran deserts. The presence of light-activated antimicrobial agents in plants that typically grow under high levels of solar irradiation suggests that such allelochemicals may mediate important interactions between photosensitizer-containing plants and potentially deleterious organisms in these environments. The prey-alence of phototoxic phytochemicals in other high-light environments (e.g., tropical and subtropical habitats) is currently being investigated.
